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I.

FOE WORD

The following is an initial report on the state

of progress of a general study of frozen soil charaoteris-

tios with speoific referenoe to interpartiole aotion under

depressed temperatures, sponsored by the Defenoe Researoh

Board in the form of a grant-in-aid researoh (Grant No.

9511-28 (G&C)), to Professor Carleton Craig, Chairman of

the Department of Civil Engineering and Applied Meohanios

at McGill University, Montreal, Que.

This partioular phase of the study is oonoerned

with the evaluation of the behaviour of olay-water systemw

subjeoted to depressed temperatures and involving eleotro-

ohemLoal foroes of interaotion.

This report oonoerns itself with the development

of the Oouy-Ghapman theory as applied to soils, taking into

oonsideration the effect of temperature and its influenoe

on the dielectrio oonstant; and the instrumentation and

prooedure for measurement of the resultant swelling pressure

whioh have been designed speoifioally for this study.

.. ...
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INTRODUCTION

The oharaoteristios of soil-water interaotion under

normal temperatures and oonditions have been determined. In

partioular, studies on clay-water systems have been made

reoently, relative to swelling pressures resulting from inter-

partiole action (Yong and Warkentin 1959; Warkentin et al 195').

However, the effoot of depressed temperatures on interpartiole

aotion has never been olearly defined or well understood. For

an understanding of the meohanios of frost heaving and of the

properties and oharaoter of frozen soil, it is neoessary to

understand speoifioally the interaotion phenomena of a clay-

water system where the eleotro-ohemical forces play a dominant

role.

PURPOSE OF STUDY

To determine the effeot of depressed temperatures

on the swelling pressure of an oriented pure clay-water

system with referenoe to the interpretation of the role of

interpartiole foroes in Frozen Soil Engineering. This report,

however, is restrioted to the applioation of the Qouy-Chapman

theory and the instrumentation and prooedure for evaluation

of swelling pressure as afrfeted by depressed temperatures.

Io o o. . o
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Pure clay is generally defined as that fraction

of natu'al'ly ooourring soil having an effective particle

diameter of loss than two microns. Commonly ocourring clay

minerals are usually plate shaped and c rry a negative charge

of high density at their faoes. Interaction between partioles

of this size is dominated by eleotro-ohemioal forces arising

from physical reaotion between the surfaoe oharge of the

particle and the media separating the particles. A qualita-

tive and quantitative estimation of particle interaction for

certain pure clay water systems can be obtained by the use

of the Oouy-Chapman Theory.

The Gouy-Chajanan theory considers a negatively

charged plate in a media consisting of negatively and positive-

ly charged ions. In attempting to establish electrical

equilibrium, the positively charged ions flook to the surface

of the plate. However, due to the size and thermal energy of

the ions, eleotro-neutrality cannot be established in an

ionic monolayer and a diffuse double layer develops in which

the electric potential gradually diminishes to zero.

Figures 1 to 3 illustrate the development of the

diffuse double layer.

I
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The basic assumptions of the Qouy-Chapman theory

are expressed in the following three equations:

The Poisson Equation - " _-_D_ (1)

The Bolt. ann Equation - ... (2)

and - & .ae'' (3)

where D - Dielectric constant

e - electronic charge

k - Boltzmann constant

S- No.of ions per unit volume
at point "i"

S- No.of ions per unit volume
in external solution

T - temperature 'A

ti - work done in bringing anion
to point "i"

x - distance from particle face

a - ionic valence

- surface charge density

Y- electric potential

Equation (1) establishes the relationship between the electric

potential () and the distance from the particle face.

Equation (2) expresses the ratio between the concentration of

ions at point "i" and that of the external or "bulk" solution.

Since the electric potential diminishes to zero in

the diffuse layer, then

e- t7 (4)
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While sh oations are attraoted to the plate a

certain number of anions will also enter the diffuse double

layer and hence equation (4) be oomes-

o- .. ( We.-r- e',,-) (5)

J7rom1q. (1) jaw -M-7'qJe ;er (6)

Substituting for (8) in (6) for the oase of a symmetrioal
eleotrolyte

The boundary oenditions for Eq.(7) are (refer to Pig.3)

(1) At the faoe of the plate i.e. x-.o. Y-0-oo P-W0

(2) At an infinite distanoe away i.e. x-oe, 4-.-o d19-.-o

k T

d• -- (8)

Substituting Uq.(8) in (6)

or- 8tLlen, 51n4. L (10)

letting- 4"II.. [ &"•.t (l1)
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. .ki s~k~j(12)S

and on integration (..~Jz&coGI?, + C(13)

Solving for "C" by substitution of oonditions J q.6 . O

in Equation (13)

k~ Z~oe~7.j~t)(14)

rearranging (14) ('.---z•k / (15)

and In [C +C'. (17)

Solving for ",7 in Aq.(17) by substituting 0o , .- a-O

0or-

. [.7k_'cof { -Tr a. . (20)

2q.(20) oan be used to obtain the value of Y at distanoe X

for any one set of oonditions.

Due to the dipolarity of water, a olay partiole

in water is analogous to the model used in the derivation

of Nq.((0). However, It has been assumed that y-.O as K--0

This oorreuponda to a plane of infinite oharge at the faoe



of the plate and although the surface of typical clay

minerals carry a relatively high charge density, a small

error results in assuming the surface charge density to be

infinite. By retaining for mathematical simplicity, the

plane of infinite charge density as the origin of X , it

is possible to calculate the position at which a plane

having the charge density of the clay mineral would occur

with respect to the origin. Let x, be the distance from

the plane to the origin.

From Sq.(l) c~(21)

4P ~ (22)

From Eq.(15) and rearranging

a. -Ce5c.I1.(kK.)(23)

4 °_ (24)

0 (25)

In soil water interaction, however, an overlapping

of the diffuse double layer occurs if the particles are in

close proximity, and the boundary conditions must be revised

for the solution of Eq. (7).

T - surface charge density of the clay



Referrlng to Fig.4, these oonditions are expressed as:

1. When ...0o X-.a. *A and' M-..W.

2, When~ 00 'A CO and W ,

I I I i

FJTiXYVariation(31eetrio Potential !Obotween Par'allel Plates

Substituting. o when "'rn4'. in Eq.(13)

K. (28)

The solution of Eq.(27) gives (see Vdrwp'y and Overbeek 1948)

"-_a�' " •7'- (-". e1,.. (28)

where w
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The applioation of Equation (28) in praotice oan be simplified

by the substitution of the Langmuir approximation and by a

summation of the potentials due to single partioles. The

summation of separate potentials is obtained from Equation (20)

whioh booomes-

where X, is the half distanoe between partioles (Referring to

lig.4 Xc-J ). Equation (29) is valid only if y, < I

The ýnteraoting region between the two planar inter-

fases will have a potential equal in sign to the sharge on

the plates. When the distanoe between adjacent plates is small,

the number of ions with sign similar to that of the plate will

be substantially reduoed. The Langnuir approximation assumes

that preseno of ions of the same sign as the oharge on the

plate can be neglected. Henoes q. (9) besomes-

SOrr 9 , _r -_ (30)

C*) (31)

Referring to Fig.4 when Y . y.

* (L' m ~ [eq'a~) -(32)

. . ? (Y) - (,3)Cy.) 133

and

(34)
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lot U e dx' (35)

Differentiating (38)

Substituting (38) in (34)

($'7)

Integrating both sides of (37) and substituting (35)

- 4A. .. 2 .V_• 4J ••-' [eTr)-._ ,-. 38)

From Fig.4 when x-.-o ) ao and -'o

VX IzeM~t,ý- ) -1(-xt'y- y) (39)

To obtain an expression for the potential at mid-plane the

following values are established'.-

When *%=¶ I '=

T- - (40)

Substituting for y 4T~II.(~ (42)

valid only when ,> I

The aoouracy of the approximation methods are

demonstrated in Table I from whioh it is evident that as the

Langmuir approximation beoomes untrustworthy, the summation
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of separate potentials may be sucoessfully applied.

I,_ Y,
Y •Y, from Kq.28 from Langnuir from potentials

4 0.15 -- 0.15

3 0.40 0.10 0.40

2 0.98 1.03 1.10

1.5 1.50 1.48 1.70

1.0 2.30 2.38 3.10

.75 2.85 2.86 4.1

.50 3.60 3.68 5.6

Table I.

Oomuarison of midpoint Potential from

Langmuir approximation and sumation

of seDarate potentials.

By using the equations derived above (viz.(29) and

(42)), it is possible to predict the effect of such variables

as ionio concentration, valence, and temperature of the liquid

phase of a well oriented pure clay-water system on the eleotrio

potential between mineral particles.

It should be emphasized at this point that the Writers

have bebn careful when referring to the use of the Gouy-Chapman

theory for analysis of soil water interaction to limit its

applicability to certain particular clay-water systems. For

the Gouy-Chapman theory to be quantitatively applied to soil
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water systems the basic assumptions made in its derivation

must be satisfied. Not all olay minerals are plate shaped

and have/negative charge at their faces. In addition, the

degree of randomness in particle orientation plays an

important role in the effectiveness of the theory's appliea-

tion. Commonly occurring clay minerals (particularly

montmorillonite) have a high surface charge density and the

theory is generally applied to soils consisting of such

minerals. It can be seen that flocculated soil suspensions

in which a high degree of randomness in particle orientation

exists, do not satisfy the basic assumption. Such an

arrangement would tend to be present in a Kaolinite mixture

due to the presence of edge charges and attractive forces.

However, if the system is sufficiently dispersed, a qualita-

tive analysis of soil water interaction can be arrived at by

using the Goxy-Chapman theory to determine certain components

of particle reaction. On the other hand, dispersed clay

water systems consisting of Montmorillonite minerals in which

there is a high degree of particle orientation, Justify

application of the Gouy-Chapman theory if the ionic concentra-

tion of the pore water is low and the electrolytes are mono-

valent. When the ionic valence is greater than unity the

particles aggregate into small packets which act in unison.

Montmorillonite clays are known for their high

swelling properties. When such a soil is wetted a large

I;



volume increase takes place. If this volume increase is

restricted, a pressure is developed and is generally referred

to as the swelling pressure. This effect is attributed to

the movement of water into the area between particles in

attempting to satisfy the diffuse double layer requirement of

the individual clay minerals. The area between the adjacent

particles has a higher solute concentration than in the

external solution, and these ions are unable to diffuse freely

into the bulk solution. As a result, an osmotic effect is

established and can be expressed quantitatively by the equation

of Vant Hoft, which states:

P =- k-T (n'- V1.~)(4

Where P is the force per unit area required to keep

individual particles at a spacing of Z4 as in Fig.4.

From Eq.(2) '.- ro e-:. (& .Y]

considering both anions and cations of a symmetrical

electrolyte fil -( e Xý( (41)

The swelling pressure as expressed in Equation (45) is a

measurable quantity in a pure clay water system. Hence, it

is possible to compare measured and calculated values by the

use of Equation (45). This has been done successfully and
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has been found to be in close agreement.

There have been a number of questions raised as

to the validity of the equations derived in the Gouy-Chapman

theory. Equation (3) states that the work required to bring

an ion into the region of the charged plate is attributed

solely to the potential energy of the ion with respect to the

faces of the plates. However, the Coulombio energy of the

ion in the electric field resulting from interaction between

particle and counter ion, the polarisation energy of the ion

in the electric field, the energy of electric interaction

between ions, and the repulsive energy resulting from short

range interaction between ions have been neglected. These

energies, at first glance, would appear to contribute a

substantial percentage of the work required to bring an ion

into the diffuse double layer. However, Bolt 1955, concludes

that the above energies tend to cancel each other and that

the Gouy-Chapman theory can be accurately applied to colloid

systems where the surface charge density does not exceed-
-72 - 3x 10 A

Another apparent fallacy is that the dielectric

constant of the media separating adjacent plates is constant.

In applying Equations (29) and (42) to physical models, the

value of dielectric constant "D" is taken as that of the

solvent. The effect of electrolyte concentration on dielectric

constant of aqueous suspension is well known. (Hasted et al 1948).

The ionic concentration in the diffuse double layer is greater
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than in the external solution and inoreases as the face of

the oharged plate is approaohed. From this it would appear

that substitution of the standard value of "D" (i.e. that

of the solvent) in Equation (29) or (42) should yield a

variation between oaloulated and measured values of potential .

The field strength within the diffuse double layer is

relatively high, and one would expeot further variation in

dieleotrio oonstant in this area due to dielectric satura-

tion. The effeot of dieleotrio saturation has been investi-

gated by Graham 1954 who finds that correction of the

dieleotrio oonstant is unneoessary, and that by using the

solvent value of "D" in the Gouy-Chapman theory, olose agree-

ment between measured and oaloulated values will be obtained.

Although the dieleotrio oonstant in the diffuse double layer

is not in fact oonstant, the effect of its variation within

the diffuse double layer does not make itself felt on the

measurable quantities. As to the validity of the Gouy-Chapman

theory, the writers find support from Graham 1954 who states

that-

"The olassioal theory of the double layer is more

reliable in praotioe than has been generally

supposed or than one might expeot from the rather

dubious charaoter on whioh the assumptions are

based. In partioular, the theory assumes that

the work needed to transport an ion of charge e
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"from the interior of the solution to a region

of potential W is e&Y4 , The potential W

is assumed to vary along one coordinate only

and is supposed to be influenced by the

approach of the ion in qvestion. These are

assumptions inherent in the use of the Poisson

Boltzmann equation and are therefore fundamental

to the Debye Huokel theory of interionio

attraction as well. The success of that theory

gives proof of the practical validity of the

above stated assumptions regardless of their

debatable logical function."

However, the Gouy-Chapman theory has never been

verified for variation in temperature. Since this theory

can be accurately applied to certain pure olay-water systems

to explain interpartiole action under normal oonditions, and

since an understanding of soil-water interaction at depressed

temperatures is required, it is necessary to test experiment-

ally the validity of the theory at depressed temperatures.

A portion of the study will deal with an analysis of the

Gouy-Chapman theory for depressed temperatures. Ixperiments

have been devised so that measured values of swelling pressure

can be compared to the values calculated from Eq.(29) (42) and

(45). At the same time the effect of temperature on the

swelling pressure of a well oriented pure clay water system

can be evaluated.
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Ifl'N AL ANALYSIS

Since the Gouy-Chapman theory is to be tested by

evaluating the effect of temperature on the swelling pressure

of a saturated montmorillonite system, the conditions of

testing in the laboratory must at all times conform to the

basic assumptions of the theory. To attain this, it was

necessary to design a system by which temperature controlled

measurements of the swelling pressure of a well oriented

pure clay sample could be obtained at various ionic concen-

trations and particle spacings. The preparation of oriented

clay samples requires special technique which is described

later under the section headed "Sample Preparation".

APPARATUS. The apparatus* consists of 2 portions-

A. A plexiglass swelling chamber enclosed in an

insulating box containing a constant tempera-

ture bath and a freezing ooil.(Fig.l Appendix).

B. An external system of valves and pressure

tubing connected to the above and to a mercury

manometer and compressed air cylinder.

(FIg.2 Appendix).

Section "A" of the apparatus contains the soil

sample and allows for expansion and contraction of the soil

sample at various temperatures. The amount of expansion

or contraction and the pressure in the swelling chamber is

recorded in Section "B" of the apparatus.(Refor Fig.2 Appendix).

* Figures and pictures of apparatus, etc. are to be found
in the Appendix.
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The swelling pressure chamber consists of a plexi-

glass cylinder (I.D.l.2", O.D.2.B5") with a removable cap

at one end which is held in place by two 4j" dia. JO thick

brass plates bolted together by four J" ' brass bolts.

Inside the cylinder there is a small stainless steel piston

which can be moved along the length of chamber by forcing

or withdrawing mercury through the inlet provided on the

side of the chamber Just above its base. The inlet is

connected to the external system (Fig.2 Appendix) through

the constant temperature bath and insulating box. The cap

of the cylinder is made of plexiglass and consists of a

porous stone and an inlet at the top for saturation of the

porous stone. A porous stone is also set in the face of

the stainless steel piston and can be saturated through the

opening at the base of the chamber which is connected to the

piston by means of a coiled Tygon tube. The tolerance be-

tween the circumference of the stainless steel piston and the

walls of the chamber is .005".Temperature measurements are

made within the chamber by means of a copper oonstantin

thermocouple which passes through the cap and sits on the face

of the porous stone.

When the plexiglass swelling chamber is assembled,

it sits in a constant temperature bath surrounded by a

freezing coil. The freezing coil is capable of operating

from room temperature to -400 F. with a minimum fluctuation



of .50 1. The constant temperature bath Is insulated and

contains an agitator and thermometer. The soil sample is

placed in the swelling chamber between the porous ptone of

the cap and that of the stainless steel piston and can be

saturated by introducing the saturating fluid at (13) and

applying a vacuum at (6).(Refer Fig.1 Appendix). Inlet

(13) is connected to the salt solution source which is made

accessible by using valve (A). (Fig.2 Appendix). Inlet (6)

is connected to a vacuum pump by way of a salt solution

trap which allows the saturation fluid to be collected and

removed for analysis after it has been passed through the

soil sample.

Due to the necessary insulation, when the apparatus

is in operation volume changes of the sample cannot be ob-

served in the chamber. Referring to Fig.2 Appendix, the heavy

lines in the system indicate that this portion is saturated

with mercury and as a result any change of volume occurring

in the chamber will be indicated by either a rise or fall of

the level of the mercury in Column (3). The ratio of the

cross-section of area of the chamber to that of Column 3 is

such that a small volume change of the sample in the swelling

chamber will cause a large change in the level of mercury in

Column 3, thus, allowing an accurate measurement of the volume

change of the sample to be obtained. The piston is moved up

and down in the chamber by varying the pressure on the mercury

I
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in Column 3 by use of valves (J) (K) (M) and (N). The

mercury mafometer is used to reoord the swelling pressures

and can measure pressures in excess of 10 atmospheres to

the nearest millimeter of mercury. The swelling pressure

of the soil sample is measured in Column 2. Column 3 can

then also be used in the measurement of swelling pressure,

but its use will tend to yield less accurate values than

by Column 8.

SAMPLE PREPARATION

Samples are made up from the less than two micron

fraction of Wyoming Bentonite, supplied through the courtesy

of the G.F.Pettinos Co. Ltd, This particular clay has been

found to contain very little impurity and the only initial

purification required before separating the less than two

micron fraction consists of washing the raw clay in distilled

water. Separation of the less than two micron fraction

consists of dispersing a small amount of the clay in distilled

water (less than 2% clay by weight) and siphoning off the

upper portion of the mixture at selected intervals of time.

Stokes law is used to obtain the approximate depth at which

siphoning should take place. The clay is then rendered homo-

ionic by passing the collected supernatant through NW -

saturated exchange resins.

A parallel oriented sample is obtained by allowing

the clay suspension to settle slowly in a small plexiglass
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tube which has its bottom end sealed by a oellophane membrane.

The plexiglass tubes are placed on top of a drying oven with

an air space being provided between the cellophane membrane

and the top of the oven. Evaporation takes place slowly

resulting in a wafer-like clay plate which can be removed

from the tube by removing the cellophane membrane. The plexi-

glass tubes are l" long and have an internal diameter much

that the clay wafer can be fitted neatly into the swelling

0hamber. Individual samples consist of several wafers stuck

together by spreading a thin film of distilled water over

the face of each wafer and pressing them together.

PROCEDURE.

The apparatus is first calibrated for the experi-

mental conditions so that inherent effects of the system

such as that of temperature on the volume change of the

mercury in the swelling chamber can be allowed for. A brief

outline of the procedure for measuring swelling pressure

with the apparatus follows: (Refer to Fig.2. Appendix). The

swelling chamber is assembled in the constant temperature

box with the freezing coil and accessories in place. The

chamber is connected to the external system through the

insulating box and the mercury lines saturated. The stain-

less steel piston is brought to the zero position by allow-

ing mercury to enter the chamber (through (7) Fig.1 Appendix),

and the level recorded in Column 3. The porous stones and

i
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saturation lines are saturated with distilled water.

Millipore membranes cover the porous stones to prevent them

from becoming clogged with clay. The sample is placed in

the chamber and the cap bolted securely into position. The

sample is then saturated (Valve C closed) with distilled

water (a small volume change takes place in the sample

during this process). On saturation, which can be predicted

by observing the pressure gauge, the sample is slowly

expanded to a predetermined value by opening valve (C) and

(H) and using the oompressed air cylinder and valves (3)

(K) (M) and (N). When the required expension has been ob-

tained all valves are closed and salt solution is passed

through the sample by opening valves (A) and (B) and apply-

ing vacuum until analysis of the solution in the trap indicates

that the sample has been effectively saturated.

The swelling pressure of this volume expansion is

obtained in the following manner:

When the reading on the pressure gauge is constant,

the mercury manometer is pumped up by the compressed air

cylinder to a pressure slightly greater than that indicated

on the pressure gauge. The manometer is then allowed to exert

this pressure on the soil sample through Column 2. Since

valves (A) and (B) have been closed previous to this time,

no compression of the sample will take place. The excess

pressure of manometer is slowly dissipated through (F) and (G)
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until a small movement in the level of meroury in the glass

oapilliary portion of Column 2 is observed. (The mercury

level here is always kept at the same level as that in the

chamber). As a change in level 2 occurs, valve (G) is shut

and the manometer reading is obtained. This value is the

swelling pressure of the sample for the particular tempera-

ture, salt concentration and soil volume.

The temperature of the sample is then decreased

to a predetermined value for this soil water system and the

swelling pressure is obtained as described. Swelling

pressures will be obtained for several temperatures, particle

spacings and salt concentrations. These will be compared

with calculated values obtained from Bqs. (29) (42) and (45).

The salt concentrative will range from .OM to .O01M Na C1

and temperatures from room temperature to -100C or lower if

necessary. The degree of particle orientation obtained in the

special preparation of sample can be chocked by checking the

system for hysterisis losses.

The volume expansion of the sample can be related

to individual particle spacing if the dry weight and thick-

ness of the clay plate, and the volume of soil and water in the

chamber are known at all times. Such properties of the clay

as cation exchange capacity, and specific surface area of

the clay used in the experiments will be available from a

separate study being carried out on the permeability of clays.

I
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This iudy will also provide X-ray diffraction studies of

the clay whioh will be useful in checking interpartiole

spaoings in the swelling chamber.

CONCLUSION

An apparatus which will measure efficiently the

swelling pressure of a well oriented pure clay water system

at depressed temperatures and various salt concentrations

has been designed and constructed in an attempt to evaluate

soil-water interaotion at depressed temperatures. At the

same time the work will provide an analysis of the validity

of the Gouy-Chapman theory for depressed temperatures.

The Gouy-Chapman theory is well known for its

applioation to clay soils in explaining soil water interaction

at normal temperatures and conditions. However, the theory

has never been verified for change in temperature and prediots

that as temperature decreases, the swelling pressure also

deoreases. The writers believe that swelling pressures will

decrease as temperature decreases, in accordance with the

theory, until the oritical temperature at which the pore water

freezes is reached. This temperature should be marked by an

increase in pressure.

Studies relating the quantity of unfrozen water

in a frozen soil-water system with initial water content

(Yong 1960) have shown that the degree of particle interaotion

resulting from interparticle forces of attraction and repulsion
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plays an important role in soil freezing, The extent to

which interpartiole forces can be felt can well be measured

by isolating these feores - as such has been the case for

this study. Eisting theories fail to provide for temperature

corrections in most oases and unless extensions of these

theories are made, computations of resultant interparticle

action from theoretical considerations cannot be made with

full confidence.

The writers propose to study a particular purified

clay whose properties are well known and have examined the

Gouy-Chapman theory with specific reference to temperature

effects.
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